Revisiting the electron-doped SmFeAsO: enhanced superconductivity up to
  58.6 K by Th and F codoping by Wang, Xiao-Chuan et al.
Revisiting the electron-doped SmFeAsO: enhanced superconductivity 
up to 58.6 K by Th and F codoping 
 
Xiao-Chuan Wang
1,2
, Jia Yu
1,2
, Bin-Bin Ruan
1,2
, Bo-Jin Pan
1,2
, Qing-Ge Mu
1,2
, Tong Liu
1,2
, 
Kang Zhao
1,2
, Gen-Fu Chen
1,2,3
, Zhi-An Ren
1,2,3 *
 
1
 Institute of Physics and Beijing National Laboratory for Condensed Matter Physics, 
Chinese Academy of Sciences, Beijing 100190, P. R. China  
2
 School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 
100049, P. R. China 
3
 Collaborative Innovation Center of Quantum Matter, Beijing 100190, P. R. China 
*
 Email: renzhian@iphy.ac.cn 
Keywords: SmFeAsO, superconductivity, codoping, high-Tc 
PACS numbers: 74.70.-b, 74.70.Xa, 74.70.Dd, 74.72.Ek 
 
In the iron-based high-Tc bulk superconductors, Tc above 50 K was only observed 
in the electron-doped 1111-type compounds. Here we revisited the electron-doped 
SmFeAsO polycrystals to make a further investigation for the highest Tc in these 
materials. To introduce more electron carriers and less crystal lattice distortions, we 
studied the Th and F codoping effects into the Sm-O layers with heavy electron 
doping. Dozens of Sm1–xThxFeAsO1–yFy samples were synthesized through the solid 
state reaction method, and these samples were carefully characterized by the structural, 
resistive, and magnetic measurements. We found that the codoping of Th and F 
clearly enhanced the superconducting Tc than the Th or F single-doped samples, with 
the highest record Tc up to 58.6 K when x = 0.2 and y = 0.225. Further element 
doping caused more impurities and lattice distortions in the samples with a weakened 
superconductivity.   
 
  
Since the discovery of superconductivity in LaFeAsO1–xFx with a 
superconducting transition temperature (Tc) of 26 K, extensive research efforts have 
been devoted to exploring similar materials due to the relatively high Tc, very high 
values of upper critical field and the similarity to the cuprates.
[1–4]
 By changing the 
superconducting layers and/or the blocking layers, several new types of iron based 
superconductors were discovered with the general formulas of 1111-type, 122-type, 
111-type, 11-type, etc..
[1,5–7]
 In all these compounds, the 1111-type superconductors 
have been always holding the record for Tc in bulk materials with several reports from 
55 K to 58 K in doped SmFeAsO or GdFeAsO.
[3,8–10]
 Among 122-type 
superconductors, Tc for hole-doped BaFe2As2 samples is usually below 38 K, while 
high-Tc above 40 K was observed in surface electron-doped Ba(Fe1–xCox)2As2, and in 
some rare-earth doped Ca1–xRExFe2As2 superconductors (RE = rare earth elements), 
such as 49 K superconductivity in Ca1–xPrxFe2As2.
[5,11,12]
 In 111-type superconductors, 
LiFeAs shows superconductivity at 18 K, while Tc of NaFeAs can reach 31 K at 3 
GPa.
[6,13]
 The 11-type FeSe becomes superconducting at approximately 8 K while 37 
K under high pressure.
[7,14]
 By intercalation of alkali metals into FeSe, 
superconductivity above 40 K was obtained and a Tc of 48 K was found in 
K0.8Fe1.7Se2 at a high pressure.
[15,16]
 Interestingly even higher Tc up to 100 K was also 
reported for monolayer FeSe thin films.
[17]
 Besides, several other types of iron based 
superconductors were also found albeit with lower Tc, such as Sr4Sc2O6Fe2P2, 
Sr2VO3FeAs, Ca3Al2O5–yFe2Pn2 (Pn = As and P), Ca10(Pt3As8)(Fe2As2)5, 
Ca1–xLaxFeAs2, LiFeO2Fe2Se2, CaAFe4As4 (A = K, Rb and Cs), LaFeSiH, etc..
[18–25]
 
The parent compounds of these iron pnictides are usually bad metals with 
structural and antiferromagnetic transitions at low temperature, and chemical doping 
or external pressure are the common ways to induce superconductivity in them. As the 
only type with high Tc above 50 K, the 1111-type bulk superconductors have been 
widely studied to achieve a record Tc by various doping methods, external pressure or 
synthesizing techniques.
[8,26,27]
 After the first reported LaFeAsO1–xFx with Tc around 
26 K, enhancement in Tc up to 55 K was soon observed in SmFeAsO1–xFx and 
SmFeAsO1–δ by a high-pressure synthesis method.
[3,8]
 Same as F-doping in 
LaFeAsO1–xFx, substitution of Th at rare-earth site and even H doping at the O site 
also resulted in electron doping with similar Tc, while chemical doping in the Fe-As 
layers always lead to a lowering of Tc.
[27–30]
 External physical pressure effects on Tc 
were also studied in 1111-type superconductors. Pressure enhanced Tc for 
LaFeAsO0.89F0.11 (from 26 K to 43 K), while it suppressed Tc for CeFeAsO0.88F0.12 and 
REFeAsO0.85 (RE = Sm and Nd).
[26,31,32]
 Moreover, superconductivity at 57.8 K was 
found in SmFeAsO1-xFx film grown by molecular beam epitaxy.
[33]
 Recently, several 
groups found that low temperature sintering and slow cooling techniques could 
introduce high F doping levels with Tc enhanced up to 58 K in SmFeAsO1–xFx.
[10,34,35]
  
Considering the elements doping by Th or F both can introduce electron carriers 
into the Sm-O layers while keeping intact for the Fe-As layers, here we revisited the 
SmFeAsO by simultaneous codoping of Th and F elements, with the intention to 
further increase electron doping levels while maintaining the crystal structure with 
less distortions. We synthesized dozens of the Th and F codoped Sm1–xThxFeAsO1–yFy 
samples by the solid state reaction and carefully characterized their superconducting 
properties. We found that the codoping of Th and F can effectively enhance the 
superconductivity and lead to a maximum Tc of 58.6 K.  
The Th and F codoped polycrystalline Sm1–xThxFeAsO1–yFy samples were 
prepared by a conventional solid state reaction method. At first, SmAs and FeAs were 
pre-sintered from Sm, Fe and As powders sealed in evacuated quartz tubes at 900 
o
C 
for 30 h. These compounds were ground into powders for later use. Then the fine 
powders of SmAs, FeAs, Fe2O3, ThO2, FeF2 and Fe were mixed together according to 
the nominal stoichiometric ratio of Sm1–xThxFeAsO1–yFy, ground thoroughly in an 
agate mortar and pressed into small pellets. All the preparation processes were carried 
out in an argon protected glove box. The pellets were sealed into evacuated quartz 
tubes and heated at 1150 
o
C for 30 h, then slowly cooled down to 600 
o
C in 100 h. 
Finally the quartz tubes were cooled in the furnace after shutting off the power. 
The samples were characterized by powder X-ray diffraction (XRD) method on a 
PAN-analytical X-ray diffractometer with Cu-Kα radiation at room temperature for 
crystal structure determination and chemical phase analysis. The temperature 
dependence of resistivity was measured by the standard four-probe method using a 
PPMS system (Physical Property Measurement System, Quantum Design). The 
temperature dependence of DC magnetic susceptibility was measured using an MPMS 
system (Magnetic Property Measurement System, Quantum Design). 
To examine the Th and F codoping effects in the 1111 phase, all the 
Sm1–xThxFeAsO1–yFy polycrystalline samples were characterized by the room 
temperature XRD analysis, and some of the typical diffraction patterns are shown in 
Fig. 1. The expanded view near the (102) diffraction peak is depicted in the right 
panel. The undoped parent compound SmFeAsO shows a clean tetragonal 
ZrCuSiAs-type structure with no impurity phase, and the F-doped SmFeAsO0.85F0.15 
shows nearly pure phase with tiny SmOF observed, while considerable impurities of 
ThO2 and SmAs are noticeable in the Th-doped Sm0.85Th0.15FeAsO due to the 
difficulty of Th-doping. These XRD patterns and the appearance of impurities are 
similar with previous reports.
[2,27,28]
 For the Th and F codoped Sm1–xThxFeAsO1–yFy 
samples, the main tetragonal 1111 phase can be clearly characterized in all samples in 
spite of the growing of the impurity phases of ThO2, SmOF, SmAs, and Fe2As, which 
become dominant and surpass the 1111 phase when x > 0.2 and y > 0.2. This also 
indicates that Th or F cannot be fully doped at the Sm site or O site, and the real 
electron doping level should be smaller than the nominal one. The shift of the (102) 
diffraction peak to the higher angle with increasing Th and F doping indicates the 
decrease of the lattice constants, and confirms the electron doping. 
In Fig. 2 we show the temperature dependence of resistivity for some typical 
doped Sm1–xThxFeAsO1–yFy samples within the temperature range from 2 K to 300 K, 
and the expanded view near Tc is shown in the right panel. As the original SDW 
transition in the undoped SmFeAsO was suppressed by doping, all the resistivity 
curves show metallic behaviors above the superconducting transitions for the doped 
samples. In our experiments, the ambient-pressure synthesized single-doped 
SmFeAsO0.85F0.15 has an onset Tc of 52.8 K, which is slightly lower than the 55 K Tc 
of our previously reported high-pressure synthesized SmFeAsO0.9F0.1.
[3]
 The 
Th-doped Sm0.85Th0.15FeAsO has a Tc of 45.0 K, and this relatively lower Tc is mainly 
due to the less electron doping concentration from the difficulty of Th-doping, which 
is exposed by the remained ThO2 impurity phase in the sample. For the Th and F 
codoped Sm1–xThxFeAsO1–yFy samples, the nominal electron doping level is defined 
as n = x + y, since the Th and F dopants each introduce one electron per atom. Here 
we mainly studied the heavily electron doped samples. Clearly, the superconducting 
transition occurs at 55.2 K for Sm0.9Th0.1FeAsO0.9F0.1, slightly higher than the Tc 
value of Sm0.85Th0.15FeAsO or SmFeAsO0.85F0.15, and these results are similar to the 
previous report.
[27,28]
 For all these Th and F codoped SmFeAsO samples with n > 0.2, 
the onset Tc surpasses 55 K and gradually increases with a maximum value of Tc ~ 
58.6 K for the sample with a nominal composition of Sm0.8Th0.2FeAsO0.775F0.225, then 
drops slowly with further electron doping as impurity phase increases. The 
enhancement of superconductivity can be attributed to the introducing of more 
electron carriers and less crystal lattice distortions by the codoping comparing with 
other doping methods. The Tc around 58.6 K was reproducibly observed in several 
samples with the electron doping level n ~ 0.425, which reveals the highest Tc in the 
1111-type SmFeAsO by Th and F codoping. 
The DC magnetization data for all the Sm1–xThxFeAsO1–yFy samples were 
measured between 2 K and 70 K with both zero-field-cooling (ZFC) and field-cooling 
(FC) modes under a magnetic field of 10 Oe, as shown in Fig. 3 for several typical 
samples, with the right panel shows the expanded view close to the magnetic 
transition. All the samples show onset magnetic Tc above 50 K except the Th 
single-doped Sm0.85Th0.15FeAsO, and all the Th and F codoped samples have higher 
Tc than the F single-doped sample SmFeAsO0.85F0.15. The onset Tc gradually increases 
with increasing electron doping level n, then saturates for further increasing n. The 
highest Tc from the magnetic transitions was observed in the 
Sm0.8Th0.2FeAsO0.775F0.225 sample, with an onset Tc ~ 58.0 K, and similar Tc was 
detected in several samples. The diamagnetic superconducting transitions are 
consistent with the resistivity superconducting transitions, and show sharp transitions 
and bulk behavior with high superconducting volume fraction for the codoped 
samples. The decrease of the superconducting volume fraction in high doping level 
samples is mainly owing to the increase of remained impurity phases.  
To further elucidate the superconducting properties, the relationships for the 
lattice parameters a and c, the superconducting Tc versus the nominal electron doping 
level n for all the Sm1–xThxFeAsO1–yFy samples were summarized respectively, as 
plotted in Fig. 4. Along doping when n < 0.3, the crystal structure has a quick 
shrinkage along both a-axis and c-axis, and the Tc also rises rapidly with the increase 
of doping level. The codoping effects are similar to the previous report of low-level 
doping,
[27]
 while with a higher Tc. When n > 0.3, the lattice parameters shrink little 
along a-axis while more along c-axis, and accordingly, the resistive Tc becomes 
almost saturated around 58 K. The magnetic Tc shows similar behavior with the 
resistive one by a little lower transition temperature. The optimal doping level is at n 
~ 0.425 with a maximum Tc ~ 58.6 K. For more elements doping of Th and F, the 
impurity phases become dominant and lattice distortions in the 1111 phase may turn 
into a main obstruction for the enhancement of superconductivity, and even causes the 
destruction of superconductivity with no zero resistivity for n > 0.5.  
In summary, we synthesized the Th and F codoped Sm1–xThxFeAsO1–yFy samples 
by the solid state reaction method. By systematically investigating the evolution of 
crystal structure and superconducting properties, we found the obvious enhancement 
of superconductivity by the codoping effect than the Th or F single-doped samples, 
which lead to a highest superconducting Tc of 58.6 K in the sample 
Sm0.8Th0.2FeAsO0.775F0.225.  
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Figure Captions: 
Figure 1: Powder XRD patterns at room temperature for several typical 
Sm1–xThxFeAsO1–yFy samples, with an expanded view near the (102) peaks placed in 
the right panel.  
Figure 2: The temperature dependence of resistivity for some typical doped 
Sm1–xThxFeAsO1–yFy samples. The right panel shows the enlarged view around the 
superconducting transition. 
Figure 3: The temperature dependence of magnetic susceptibility for several typical 
Sm1–xThxFeAsO1–yFy samples between 2 K and 70 K with both ZFC and FC 
measurements. The right panel shows the expanded curve at the superconducting 
transition. 
Figure 4: The relationship between the nominal electron doping level n and (a) the 
lattice parameters a and c, (b) onset Tc determined by resistive and magnetic 
measurements for all the Sm1–xThxFeAsO1–yFy samples.  
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